In order to investigate broad patterns of variation of the foliar mineral nutrient concentrations of herbaceous plant communities in the ground layer of W Europe forests, correlations were examined between Ellenberg's indices (Nindex: mineral nitrogen availability, R-index: pH, F-index: soil moisture and L-index: light intensity) and literature values of macronutrient concentrations for 84 forbs and 39 graminoid species. Significant, positive correlations were found between the R-index and the plants' concentration of Ca and K (forbs only) and between the N-index and the plants' concentration of K, P (forbs only) and N (forbs and graminoids). Multiple regressions showed that the N-index was the best predictor of the plants' concentration of N (forbs and graminoids), P (forbs) and Ca (graminoids) and the R-index of the plants' concentration of Ca and K (forbs). The mineral nutrient concentrations of graminoids were lower and less strongly correlated with Ellenberg's indices than those of forbs. It is argued that the mineral nutrient concentrations in the plants match the availability of mineral nutrients in the soil for N, P (N-index) and Ca (R-index), but not for K and Mg. Significant, positive correlations were found between potential relative growth rate and the concentration of some elements (N, P, K and Ca in forbs, Ca and Mg in graminoids). This suggests that the increase in the concentration of these elements in plants along fertility gradients is due, at least partly, to genetically controlled alterations of leaf anatomy associated with increasing potential relative growth rate.
Introduction
The mineral nutrient concentrations of the plant community critically affect several features of the whole ecosystem's functioning, including herbivory and litter decomposition rate (Cornelissen and Thompson, 1996; Hobbie, 1992) . Therefore, making broad predictions about the pattern of variation of the mineral composition of plant communities in relation to environmental conditions would be a useful task. However, the mineral nutrient concentrations of wild plants are subjected to the influence of several interacting factors (Chapin, 1980; Duvigneaud and Denaeyer-De Smet, 1964) . Amongst the most important ones are the availability of mineral nutrients in the soil (Auclair, 1977; Brunet, 1994; Chapin, 1980; Falkengren- FAX No:+3226720284. E-mail: pmeerts@ulb.ac.be Grerup, 1990; Schönnamsgruber, 1959; Tyler, 1976; Wenworth and Davidson, 1987) , complex interactions among elements in the soil and during the absorption process (Marschner, 1994; Mengel and Kirkby, 1978; Wenworth and Davidson, 1987) and speciesspecific absorption selectivity (El-Ghonemy et al., 1978; Gagnon et al., 1958; Gerloff et al., 1966; Wenworth and Davidson, 1987; Woodwell et al., 1975) . Moreover, apart from chemical properties of the soil, several other environmental parameters including soil moisture and light intensity can affect the use of minerals by plants (Auclair, 1977; Duvigneaud and Denaeyer-De Smet, 1964; Mengel and von Braunschweig, 1972; Withrow, 1951) .
In this paper, I suggest that Ellenberg's indices (Ellenberg et al., 1991) provide an indirect method to investigate broad patterns of variation in the mineral nutrient concentrations of plant communities. Ellenberg's indices consist of numerical estimates of the relationship of plant species to four major environmental variables: light intensity (L-index: from 1 for species growing only in deep shade to 9 for species growing only in full light), soil moisture (F-index: from 1 for extremely xerophilous species to 12 for aquatic species), soil pH (R-index: from 1 for strongly acidophilous species to 9 for calcicolous species), and soil mineral nitrogen availability (N-index: from 1 for species growing on soils extremely poor in mineral nitrogen to 9 for nitrophilous species). These estimates are derived from observations of the field distributions of the species in Central Europe. The usefulness and reliability of Ellenberg's indices as biomonitors of environmental parameters has been demonstrated in numerous publications (review in Thompson et al., 1993 and Diekmann, 1995) , and community-averaged indicator values can be used as substitutes for actual measurements of pH (R-value), C/N and nitrification rate (N-value), light intensity (L-value) and percentage soil moisture (F-value) (Ellenberg, 1988; Ellenberg et al., 1991; Thimonier, 1994; Diekmann, 1995 and references therein) . The first aim of this paper is to test if Ellenberg's indices correlate with the concentration of particular macronutrients in plants, which would point to a systematic change in the concentration of these elements in plant communities along the relevant environmental gradients.
Recent studies substantiate the idea that, when grown in non-limiting conditions, species from infertile vs. fertile sites genetically differ in several structural and functional attributes (Lambers and Poorter, 1992; Poorter et al., 1990) . So, species from nutrientpoor soils have a lower potential relative growth rate (RGR) owing to a greater investment in cell wall materials and less in mesophyll protoplast per unit leaf mass (Garnier and Laurent, 1994; Van Arendonk and Poorter, 1994) , compared with species from fertile sites. Hence, they usually have lower mineral nutrient concentrations than fast-growing species from fertile sites (Grime and Campbell, 1991; Poorter and Bergkotte, 1992) . So, the second aim of this paper is to test if differences in mineral nutrient concentrations among field-growing forest plants correlate with differences in potential relative growth rate; if so, this would indirectly point to a genetic control of the mineral composition of field growing plants.
The statistical analyses are based on literature data on macronutrient concentrations (N, P, K, Ca, Mg) of 123 herbaceous species of the ground layer of WestEuropean temperate forests, and on RGR of 34 species.
Materials and methods

Materials
The data for Ca, Mg, N, P, K (foliar concentrations expressed as percentage dry matter) are from Höhne (1962) and Duvigneaud and Denaeyer-De Smet (1970) (hereafter H and DDS, respectively). In both of these studies, special care was taken to minimize variation due to phenological state. The H data set consists of a single concentration value determined on a bulk sample of several provenances for each of 64 species from central Germany. The DDS data set consists of the two extreme values of the concentration range of 1 to 20 population samples of 84 species (for 7 species, however, a single value was reported) from a wide range of East-Belgium forest stands representative of different bedrocks and humus-layer types; the average value of the two extremes of the variation range was used in the analyses. The 123 species included in these data sets represent an extensive sample of the most widespread plant species of the ground layer of lowland forests in N W Europe.
Neither of these data sets provides detailed information about the actual distribution of nutrient concentrations within species due to sampling sites of different soil fertility. It might therefore be suspected that average values are too inaccurate to allow statistical analysis. In order to test this hypothesis, a preliminary analysis was conducted on those 24 species that were represented in both data sets. No statistically significant difference could be detected between the two data sets for any element [paired t-tests: Ca (mean value: DDS=1.03%, H=0.81 %): t=1.68 n.s.; Mg (DDS=0.23%, H=0.22%): t=0.62 n.s.; K (DDS=2.93%, H=3.11%): t=-1.49 n.s.; N (DDS=2.44%, H=2.70%): t=-1.91 n.s.; P (DDS=0.23%, H=0.25%): t=-1.02 n.s.)] and concentration values of the two data sets were positively correlated for three elements (Ca: r=0.839 p < 0.001; K: r=0.818 p <0.001; N: r=0.697 p <0.001); for Mg (r=0.274 n.s.) and P (r=0.312 n.s.) there was only a weak positive trend. Moreover, the two data sets are concordant when considering average values for particular life forms (e.g. forbs and graminoids, tests not shown). Thus, the cross-validation of two data sets suggests that the lack of information on the actual dis-tribution of concentration values within species is not a major concern in our approach. Moreover, the relative inaccuracy of individual values is compensated for by the high number of species included in the analyses. Therefore, the two data sets were merged in all subsequent analyses; for those 24 species represented in both, average values were used.
Ellenberg's indices are from Ellenberg et al. (1991) . An indifferent behaviour with regard to a particular environmental factor is denoted by "x" in Ellenberg's table; these data were treated as missing values; there were 12, 20, 34 and 11 such missing values for the L-, F-, R-and N-index, respectively.
Statistical treatment
Associations between the concentration of a particular element and Ellenberg's indices, as well as associations between different elements, were computed as Pearson's correlation coefficients. In view of the high number of simultaneous tests, Bonferroni-corrected probability levels were used to examine the statistical significance of particular correlations (Rice, 1989) .
For each element, relationships between concentration of plants and Ellenberg's indices were compared between graminoids and forbs by means of analysis of covariance (ANCOVA) with life form as independent categorical variate and Ellenberg's index as covariate: a significant interaction (Ellenberg's index life form) would point to a difference in the slope of the regression line of element concentration against Ellenberg's index between the two life forms.
In order to unravel the respective contribution of each index on the concentration of each element, multiple stepwise regressions were performed for each element with Ellenberg's indices as regressors.
RGR values were found for 16 graminoids and 17 forbs in Grime and Hunt's (1975) survey. Associations between RGR and the concentrations of each element were investigated by means of Pearson correlation coefficients.
All analyses were conducted with SYSTAT (version 5.0 for Windows).
Results
The whole data set was divided into two subsets consisting of graminoid species on one hand (Poaceae + Cyperaceae + Juncaceae; total: 39 species) and other species on the other hand, hereafter referred to as "forbs" (84 species, including six ferns). Element concentrations were compared between forbs and graminoids by means of t-tests. Graminoids Table   1) . On average, a one-unit increase in the N-index corresponded to a 0.21% and a 0.025% increase in N and P concentration, respectively, and a one-unit increase in the R-index corresponded to a 0.44% and a 0.17% increase in K and Ca concentration, respectively (Figures 1 and 2 ). Significant, positive correlations were observed between the plants' concentration of K and P (p < 0.01), as well as between P and N (p < 0.001) ( Table 1 ). The R-and N-indices were positively correlated with each other (p < 0.001) ( Table 1) .
Multiple linear regressions on Ellenberg's indices accounted for 9% to 31% of the variance among species (Table 2 ). The R-index was the most significant predictor of the concentration of Ca and K (p <0.001) and the N-index was the single significant predictor of the concentration of N and P (p < 0.001). The F-and the L-index were significant predictors of K and Mg, respectively (p < 0.05).
Correlation coefficients between RGR and mineral nutrient concentrations were significantly positive for all elements except Mg (Ca: r=0.549 p <0.05; Mg: r=0.243 n.s.; K: r=0.572 p < 0.05; N: r=0.693 p < 0.01; P: r=0.793 p < 0.001) (Figure 3) . 
Graminoids
The results for graminoids showed marked differences with those for forbs, with weaker relationships between Ellenberg's indices and macronutrient concentrations. Only the N-index was significantly correlated with the plants' concentration of N (p <0.05) (Table 3 ). The N-and R-indices were positively correlated with each other as for forbs (p < 0.001). Significant, positive correlations were found between several pairs of elements (Ca-N, K-N, Mg-K, Ca-Mg; all with p < 0.05) ( Table   3) . Multiple linear regressions on Ellenberg's indices accounted for 16%, 17% and 22% of the variance in K, N and Ca, respectively (p <0.001), and were not significant for P and Mg. The N-index was a significant, positive predictor of Ca and N; the L-index was a significant, negative predictor of K (Table 4) .
ANCOVA revealed significant differences between graminoids and forbs in the slope of the linear regression line of foliar concentration on Ellenberg's indices Figure 2d ). In all these cases the slope of the regression line was steeper in forbs than in graminoids. The correlation coefficients between RGR and mineral nutrient concentrations were positive for all elements but significantly so only for Ca and Mg (Ca: r=0.640 p < 0.01; Mg: r=0.679 p < 0.01; K: r=0.084 n.s.; N: r=0.48 p < 0.065; P: r=0.410 n.s.) (Figure 3) . 
Discussion
Relationships with the N-and R-indices in forbs
The Ellenberg's R-and N-indices are significant predictors of the foliar macronutrient concentrations of forbs in W Europe forests. This result is in line with Gebauer et al. (1988) for 48 species in Germany (foliar N correlated with the N-index) and Thompson et al. (1993) for 40 grassland species in England (foliar Ca and N correlated with the R-and the N-index, respectively). The question arises as to whether the variations in foliar macronutrient concentrations reflect corresponding variations in abundance of these elements in the soil. In this context, it should be reminded that Ellenberg's indices are not direct measurements of environmental parameters. However, it has been demonstrated on several occasions that the R-and the N-index did correlate with actual measurements of soil pH and mineral nitrogen availability, respectively (review in Ellenberg et al., 1991 and Diekmann, 1995) . The positive correlation between the R-and the N-indices, which was already reported for forest species in N E France (Thimonier, 1994) and Germany (Schmidt, 1993) , reflects the well-documented correlation between base cation saturation and availability of mineral nitrogen in forest humus layers (Bonneau and Souchier, 1979; Ellenberg, 1988; Falkengren-Grerup et al., 1995; Runge, 1983) . In spite of this, it is striking that the R-and the N-index were predictors of the concentration of different mineral nutrients in the plants. Thus, the results strongly suggest, but do not prove, that the foliar concentrations of Ca and N in forbs correlate with the availability of these elements in the soil. This may also hold true for the correlation between the concentration of P and the N-index, since the availability of N and P are both limited by the rate of mineralisation of organic matter which is primarily controlled by the C:N:P ratio of the plant litter (Bonneau and Souchier, 1979; Charley and Richards, 1983; Hobbie, 1992; Schlesinger, 1991) . The strong correlation between the concentration of K and the R-index is more surprising since the availability of K does not markedly increase with pH in forest soils (Bonneau and Souchier, 1978; Falkengren-Grerup et al., 1995; Kinzel, 1982) . A possible explanation lies in the fact that K uptake is subjected to synergistic interactions with nitrate in neutral soils and to a depressive effect of Al 3+ in acid soils (Ingestad, 1976; Marschner, 1995; Mengel and Kirkby, 1978) . Similarly, the lack of a positive correlation between the concentration of Mg and the R-index, in spite of a positive correlation between exchangeable Mg and pH in forest soils (Bonneau and Souchier, 1979; Falkengren-Grerup et al., 1995) might be explained by an antagonistic effect of Ca.
Relationships with potential relative growth rate
What is the mechanism underlying the variations in mineral nutrient concentrations among species in this study ? The simplest hypothesis is a phenotypic adjust-ment to the local supply of mineral nutrients. However, the positive correlation between the concentration of N and P in forbs growing in the field and their potential relative growth rate measured in uniform conditions points to a genetic control of macronutrient concentrations. The higher foliar N and P concentration in species from fertile soils most probably reflects alterations of leaf anatomy which also affect RGR. Indeed, even when grown at a high mineral nutrient supply, slow-growing species from infertile soils tend to show a lower investment in mesophyll protoplast and epidermis, i.e. those compartments of the leaf which contain most of the N, P and K, and a higher investment in cell wall components (Garnier and Laurent, 1995; Poorter and Bergkotte, 1992; Van Arendonk and Poorter, 1995) . Thus, the influence of soil fertility on foliar macronutrient concentrations is, at least partly, of an indirect nature. However, this explanation might not hold true for Ca in dicots, since this element is mostly located in the cell walls (Marschner, 1995) . This might explain why Ca was not significantly correlated with N, P and K in forbs in this study. In controlled conditions, Loneragan and Snowball (1968) have shown that the Ca concentration of dicots strongly increased with the Ca supply, well above physiological requirements. Such "luxury accumulation" of Ca has also been documented in forest species on calcareous soils (Duvigneaud and Denaeyer-De Smet, 1964) and might contribute to the positive correlation between Ca and the R-index in forbs.
Relation with the F-and L-index
The few significant correlations found between the Fand the L-index and the concentration of some nutrients would deserve further investigation. So, the positive correlation between the concentration of K and the Findex in forbs is consistent with the strong dependency of K + diffusion rate on soil moisture (Marschner, 1995; Mengel and von Braunschweig, 1972) . It is also in agreement with Falkengren-Grerup and Tyler's (1993) report of a positive correlation between the concentration of K + (and of no other nutrient) and moisture in the soil solution of European beech forests.
Differences between graminoids and forbs
The looser relationships between mineral nutrient concentrations and Ellenberg's indices in graminoids must be interpreted with caution owing to the lower number of species of graminoids (39) compared with forbs (84) in the data set. Rorison and Robinson (1985) also reported a steeper increase in foliar concentration of Ca in response to Ca availability in the soil for field growing dicots than for grasses. It is well known that grasses have markedly lower concentrations of divalent base cations than forbs Mengel and Kirkby, 1978) . They also have a lower responsiveness of tissular Ca concentration to increased Ca supply, perhaps due to a lower divalent cation exchange capacity of roots (Loneragan and Snowball, 1968) . In this context, it is striking that the concentration of Ca and Mg was more strongly correlated with that of other elements and with RGR in graminoids than in forbs (Table 3, Figure 3 ). This might be a consequence of a tighter physiological control of Ca and Mg uptake in graminoids than in forbs. However, the differences between graminoids and forbs for P and K can not be explained in a similar way.
In conclusion, in spite of the complex ecophysiological determinism of the plants' mineral composition, this work shows that simple, descriptive indicators of the plants' autecology enable specific predictions regarding the pattern of variation of macronutrient concentrations in forest understorey communities along major environmental gradients. Whether this holds true for other types of ecosystems and for micronutrients, would deserve further investigation.
